Heck-arylation/cyclization has been achieved using the heterogeneous palladium(II) oxide impregnated on magnetite catalyst (2.5 mol%), using a lower catalyst loading than that reported for similar processes. Ethanol was used as nontoxic and bio-renewable solvent. Good yields are afforded using a broad range of substrates (40-98 %). The catalyst could be partially recycled and analyses confirmed the almost total reduction of palladium(II) oxide to palladium(0) as well as iodine poissoning effect as the main barrier to complete recyclability.
Introduction
The Heck reaction 1 is a powerful and general synthetic method used in Organic Chemistry to construct compounds by C-C bond formation. Its synthetic flexibility and compatibility with most organic functional groups makes it one of the most explored reaction promoted by palladium. 2 Some efforts have been devoted to improving the efficiency of this reaction, and recently, iodonium salts 3 have been extensively studied as arylation agent to replace aryl halides or triflates in the Heck reaction. They are appealing coupling partners as they display different reactivity profiles to halides, are highly reactive yet air-and moisture-stable, and can be easily prepared in one step from commercially available starting materials.
4,5
Coumarins 6 are important structural motifs in natural compounds and exhibit broad biological activity. Particularly, 4-aryl derivatives constitute a subgroup of flavonoids that have received considerable attention, as they display important biological activities such as anti-HIV, antimalarial, antibacterial and cytotoxic properties. Classical synthetic approaches for the synthesis of 4-arylcoumarins are based on Knoevenagel condensation, 7 cross-coupling reactions, 8 C-H bond activation, 9 von Pechman condensation, 10 among others. 11 In many cases, the reactions were performed under harsh reaction conditions and high temperatures. The loading of transition metal was, in many cases, very high (5-20 mol%). Another methodology to obtain 4-arylcoumarins, that has been less studied, is the arylation/cyclization of ohydroxylcinnamates. Initially, this approach was reported in 2005 using aryl halides in a molten n-Bu 4 NOAc/n-Bu 4 NBr mixture, 12 later on the approach was modified by the use of aryl diazonium salts in methanol. 13 Finally, diaryliodonium(III)
salts have been successfully used to perform this transformation using dimethylformamide as solvent. 14 In all cases the reaction was performed with the help of high amounts of the homogeneous Pd(OAc) 2 (5-10 mol%) catalyst, giving moderate to good yields. As a continuation of our project on the arylation of heterocycles, 15 herein, we reported the synthesis of 4-arylcoumarins using for the first time heterogeneous palladium(II) oxide impregnated on magnetite catalyst for the Heck-arylation/cyclization using diaryliodonium(III) salts. Ethanol as a non-toxic and bio-renewable solvent was used under mild reaction conditions.
Results and discussion
To start the study, (E)-ethyl 3-(2-hydroxyphenyl)acrylate (1a) and diphenyliodonium tetrafluoroborate (2a), using palladium impregnated on magnetite as catalyst, 16 was selected as the reaction model for the optimization (Table 1) . Initially, the reaction was performed using different equivalents of compound 2a (entries 1-3). Full conversion of the starting material was observed after 5 hours when 2 equivalents of the salt were used. This result could not be improved by increasing the amount of iodonium salt. After that, different loadings of palladium catalyst were tested (entries 4-7). Good yields were obtained with 2.5 mol% Pd, which could be slightly improved using higher amounts of metal. Then, a study of the solvent was performed (entries [8] [9] [10] [11] [12] [13] [14] [15] . A moderate yield was obtained in H 2 O, but best results were observed in EtOH (entry 5). When the reaction was performed without solvent (entry 16) only traces of the product could be detected. To complete the optimization, different temperature were tried (entries 17-18). Only traces of product were detected at room temperature and full conversion of the starting material was observed at 80 °C. Once the optimal conditions were determined, the reaction was submitted to a variety of catalysts, prepared by a simple impregnation protocol 17 ( Table 2 ). The reaction without catalyst did not give any product (entry 2). The partial inactivity of the support was confirmed (entries 3 and 4), the role of magnetite is only to facilitate the easy separation of the reaction media through magnetic decantation. 18 Then, different metal oxides impregnated on magnetite (entries 5-17) were evaluated as catalyst, but the high activity displayed by the palladium catalyst could not be surpassed. With these results in hand, the reaction was carried out using different sources of palladium, (entries 18-20). All catalysts tested (homogeneous, as well as heterogeneous) failed to give similar or improved activities relative to palladium on magnetite (entry 1). In order to establish the reusability of the catalyst, the standard reaction was repeated (Figure 1 ). When the reaction was completed, the catalyst was retained in the reaction vessel using a magnet and washed several times with ethanol. The vessel was then charged with a new set of reagents and the standard conditions were applied. The corresponding product was obtained with a 39 % yield after the first cycle indicating that the catalytic activity of the catalyst has been affected by the first reaction. As a consequence of the non-recyclability of the catalyst, some investigative studies were performed. X-Ray Photoelectron Spectroscopy (XPS) analyses of the catalyst showed a change in the oxidation state [palladium(II) oxide to palladium(0)] after completion of the reaction. The XPS spectra of the post-reaction sample showed, after deconvolution, four peaks at 334.9, 335.7, 340.3 and 341.3 eV, which correspond to the binding energies of Pd 3d 5/2 and Pd 3d 3/2 , and two more peaks that have the same binding energy than the starting palladium(II) oxide nanoparticles, with a relative area of 4% ( Figure 2 ). Furthermore, Transmission Electron Microscopy (TEM) analyses were carried out. We observed a high sinterization of the palladium nanoparticles as well dissociation of the palladium from the support after completion of the reaction (see Supporting Information). The initial size range of the starting PdO nanoparticles was 2-4 nm ( Figure 3 ) but increased to 14-16 nm after the reaction. The phenomenon of leaching was studied by inductively coupled plasma mass spectrometry (ICP-MS). Here, the reaction mixture was filtered at high temperature after completion of the reaction and the homogeneous solution was tested. Only 3.64 % of the initial palladium was present in solution. More importantly, no progress of the reaction was observed in the filtrate after the filtration, providing further evidence of the heterogeneous nature of the reaction. Finally, a modified hot filtration test was performed. Thus after the standard reaction, the mixture was decanted with the aid of a magnet, while hot, and a mixture of 1c (0.25 mmol) and 2a (0.5 mmol) dissolved in 0.75 mL of ethanol, was added to the filtrate. After five hours at 80 °C, starting reagents 1c and 2a were recovered unchanged. The TPR and TPO analyses of Fe 3 O 4 , fresh and recycled catalyst were carried out (see Supporting Information). Previously to analyses, the samples were pre-treated by heating at 200 ºC under Argon atmosphere to be sure that all the organic material was removed. Then, the samples were heated to 900 ºC at 10 ºC/min in the corresponding atmosphere [TPR was performed with a mixture Ar/H 2 (1.8 %), and TPO with a mixture Ar/O 2 (3%)].
In the case of differential thermogravimetric analysis under reductive atmosphere (Figure 4a ), when the temperature reached 100 ºC only the fresh catalyst sample showed a consumption of hydrogen and an emergence of H 2 O, what it could be assigned to the reduction from PdO to Pd(0). At 300 ºC a new consumption of H 2 could be observed and it seems to be due to the reduction of superficial magnetite. In the case of both magnetite support and recycled catalyst, only this last consumption of hydrogen was detected. It should be pointed out that in the case of the supported catalyst the reduction of superficial magnetite took places at lower temperatures, probably by the influence of the supported palladium. From the data of differential thermogravimetric analysis under reductive atmosphere it could be calculated the expected weight losing due to a PdO to Pd(0) transformation, with this figure being slightly higher than the nominal palladium. This could be due to the reduction through a spillover of hydrogen to the support of magnetite units that are in intimate contact with palladium. In the case of differential thermogravimetric analysis under oxidative atmosphere, only the recycled sample showed a weight losing at about 400 ºC (Figure 4b ). The mass analysis showed the loss of CO 2 and then iodine in the case of recycled catalyst ( Figure 5 ). The emergence of CO 2 should be associated to organic compounds strongly bounded to the catalyst surface; meanwhile the emergence of iodine could be a hindered proof of the poisoning of palladium species by this element. Guided by the previously mentioned XPS, as well as TPR and TPO analysis, we attribute the deactivation of the catalyst to an almost complete reduction of the nanoparticles of palladium(II) oxide to palladium(0), the associated morphologic changes and the poisoning by iodine species. Thus in an attempt to recycle the catalyst, post reaction particles of palladium(II) were subjected to oxygen (bubbling O 2 ) (see Figure 1 ). Using this protocol, the results obtained for the recycling of the catalyst were improved but did not reach the initial catalyst activity. Other oxidants tested (e.g. t-BuOOH or I 2 ) gave poorer results. Once the best conditions were established, the scope of the reaction was evaluated (Table 3) . Moderate yields could be obtained using symmetrical bis(4-fluorophenyl)iodonium tetrafluoroborate (entry 2). Better results were observed, with symmetrical bis(4-methoxyphenyl)iodonium tetrafluoroborate giving 77 % yield (entry 3). Chemoselective Heckarylation/cyclization reactions were performed by introducing a non-transferable aryl group such as 1,3,5-triisopropylphenyl (TRIP). Good results were observed with substrates bearing electron-withdrawing and sterically hindered electrondonating groups (entries 4 and 5). Then various substituted o-hydroxyphenylacrylates were tested (entries 6-8). Better results were found with the sterically hindered (E)-ethyl 3-(3,5-di-tert-butyl-2-hydroxyphenyl)acrylate. The presence of electron-withdrawing groups at 5-position in the aromatic ring of the acrylate seemed to negatively affect the reaction.
The use of substituted acrylates and diaryliodonium tetrafluoroborates gave very good yields in all the cases (entries 9-11). To finish with the study, different diaryliodonium trifluoromethanesulfonates were tested, which gave moderate to good results (entries [12] [13] [14] . In the case of phenyl(2,4,6-triisopropylphenyl)iodonium trifluoromethanesulfonate (entry 12) the expected product 3a was obtained with a lower yield than that obtained with the previously tested diphenyliodonium tetrafluoroborate (entry 1). Others aryl sources were ineffective in similar reactions. 19 Once the scope of the reaction was evaluated, the possible pathway of the process was studied. The reaction could occur through a cyclization reaction followed by arylation 20 or through a Heck-arylation reaction and subsequent cyclization.
To check if the reaction took place following the first process, the cyclization reaction of (E)-ethyl 3-(2-hydroxyphenyl)acrylate (1a) using ethanol at 80 °C was tested. Here the starting material was recovered unchanged. We gained access to the cyclised product using an n-Bu 3 P mediated reaction. 6 When the resulting 2H-chromen-2-one was treated with salt 2a and PdO-Fe 3 O 4 under standard conditions, only starting chromenone was recovered. These results suggest that the cyclization/arylation pathway is unlikely. To further study if the Heck-arylation reaction took place first, followed by cyclization (Scheme 1), some acrylates 4, no longer possessing the required -OH group needed for cyclisation, were tested under the optimal reaction conditions (Table 4 ). Using two equivalents of 2a, a 3:1 mixture of the mono-and di-substituted products 5 were obtained in good yield (entry 1). Please do not adjust margins
Please do not adjust margins With these results in hand, the reaction was repeated with only one equivalent of the salt 2a. A lower amount of the disubstituted product 5b was obtained, along with concomitant improvement in the yield of 5a (entry 2). Then, methyl cinnamate (4b) was tested and a 68 % yield of 5c was obtained (entry 3). To finish with the study of the Heck-arylation, different substituents at the 4-possition of the aromatic ring of starting cinnamate were used, obtaining a ca. mixture 1:1 of Z/E isomers in good yields (entries 4 and 5). Scheme 1. Possible mechanism of the reaction. 
Experimental General
Solvents and reagents were used as obtained from commercial sources and without purification. 1 H NMR (400 MHz) spectra and 1 H NMR (300 MHz) spectra were recorded on Bruker Avance 400 and Bruker Avance 300 NMR spectrometers respectively in proton coupled mode. 13 C NMR (150 MHz) spectra and 13 C NMR (75.5 MHz) spectra were recorded on Bruker Avance 400 and Bruker Avance 300 NMR spectrometers respectively in proton decoupled mode at 20 °C in deuterated chloroform using tetramethylsilane as internal standard; chemical shifts are given in δ (parts per million) and coupling constants (J) in Hertz. Low-resolution mass spectra were recorded on a Waters Quattro Micro triple quadropole instrument in electrospray ionisation (ESI) mode using 50 % acetonitrile-water containing 0.1 % formic acid as eluent; samples were made up in acetonitrile. High resolution precise mass spectra (HRMS) were recorded on a Waters LCT Premier Tof LC-MS instrument in electrospray ionisation (ESI) mode using 50 % acetonitrile-water containing 0.1 % formic acid as eluent; samples were made up in acetonitrile. Infrared spectra were measured as pressed potassium bromide (KBr) for solids or thin films on sodium chloride plates for liquids on a PerkinElmer FT-IR spectrometer. Melting points were obtained with a Reichert Thermovar apparatus. XPS analyses were carried out on a VG-Microtech Mutilab. TEM images were obtained on a JEOL, model JEM-2010 equipped with an X-ray detector OXFORD INCA Energy TEM 100 for microanalysis (EDS). XRF analyses were obtained on a PHILIPS MAGIX PRO (PW2400) Xray spectrometer equipped with a rhodium X-ray tube and a beryllium window. BET isotherms were carried out on an AUTOSORB-6 (Quantachrome), using N 2 . The chromatographic analyses (GLC) were determined with a Hewlett Packard HP-5890 instrument equipped with a flame ionization detector and 12 m HP-1 capillary column (0.2 mm diam, 0.33 mm film thickness, OV-1 stationary phase), using nitrogen (2 mL/min) as a carrier gas, T injector = 275 ºC, T detector = 300 ºC, T column = 60 ºC (3 min) and 60-270 ºC (15 ºC/min), P = 40 kPa. Thin layer chromatography (TLC) was carried out on Schleicher & Schuell F1400/LS 254 plates coated with a 0.2 mm layer of silica gel; detection by UV 254 light, staining with phosphomolybdic acid [25 g phosphomolybdic acid, 10 g Ce(SO 4 ) 2 4 H 2 O, 60 mL of concentrated H 2 SO 4 and 940 mL H 2 O]. Column chromatography was performed using silica gel 60 of 40-63 mesh. The ICP-MS analyses were carried out on a Thermo Elemental VGPQ-ExCell spectrometer. TG-DTA analysis were carried out on a METTLER TOLEDO equipment, model TGA/SDTA851e/LF/1600, and EM analysis on a PFEIFFER VACUUM, model THERMOSTAR GSD301T.
Synthetic procedures
General procedure for the preparation of impregnated palladium on magnetite catalyst: To a stirred solution of PdCl 2 (177 mg, 1 mmol), KCl (1 g, 13 mmol, to increase the palladium solubility) in deionized water (120 mL) was added Fe 3 O 4 (4 g, 17 mmol, powder <5 mm, BET area: 9.86 m 2 /g). After 10 min at room temperature, the mixture was slowly basified with NaOH (1 M) until pH around 13. The mixture was stirred during 1 day at room temperature in air. After that, the catalyst was filtered and washed with deionized water (3 x 10 mL). The solid was dried at 100 ºC during 24 h in a standard glassware oven, obtaining the expected catalyst: incorporation of palladium of 3.0 % according to XRF; by XPS the palladium on the surface was determined as 24.8 %; the BET area surface was 13.6 m 2 /g. The molar ratio of catalyst PdO:Fe 3 O 4 was 6.3:100.
General procedure for the preparation of acrylates: To a solution of the corresponding 2-hydroxybenzaldehyde (5 mmol) in THF (30 mL) was added ethyl 2-(diethoxyphosphoryl)acetate (5.2 mmol) and DBU (5.1 mL). The solution was stirred at room temperature overnight. The resulting mixture was quenched with water and extracted with AcOEt (3 × 5 mL). The organic phases were dried over MgSO 4 , followed by evaporation under reduced pressure to remove the solvent. The product was usually purified by chromatography on silica gel (hexane/ethyl acetate) to give the corresponding products 1. Physical and spectroscopic data follow: Ethyl 3-(2-hydroxyphenyl)acrylate (1a) . 13 
General prodecure for the preparation of the diaryliodonium salts:
The diaryliodonium salts were prepared following the procedures previously described. 
Bis(4-methoxyphenyl)iodonium tetrafluoroborate (2b).
5b m-CPBA (6 mmol, 1.280 g) was dissolved in CH 2 Cl 2 (20 mL). To the solution was added 1-iodo-4-methoxybenzene (5.4 mmol, 1.264 g). The mixture was placed then on a pre-heated oil bath at 80 ºC and stirred for 10 min. The mixture was cooled at -78 ºC. A 0 ºC cooled mixture of BF 3 ·OEt 2 (13.6 mmol, 1.7 mL) and 4-methoxybenzeneboronic acid (6 mmol, 912 mg) in 20 mL of CH 2 Cl 2 was added dropwise. The resulting solution was stirred at -78 ºC for 30 min Then was allowed to warm to room temperature and was applied on a silica plug (12 g ) and eluted with CH 2 Cl 2 (2 x 50 mL) followed by CH 2 Cl 2 /MeOH (2 x 50 mL). The latter solution was concentrated and diethyl ether (40 mL) was added to the residue to induce precipitation 
Bis(4-fluorophenyl)iodonium tetrafluoroborate (2c).
14 m-CPBA (2.9 mmol, 610 mg) was dissolved in CH 2 Cl 2 (10 mL). To the solution was added 1-fluoro-4-iodobenzene (2.6 mmol, 300 μL) followed by slow addition of BF 3 ·OEt 2 (6.5 mmol, 802 μL) at room temperature. The resulting solution was stirred at room temperature for 30 minutes and then cooled at 0 ºC, and 4-(fluorophenyl)boronic acid (2.9 mmol, 406 mg) was added. After 15 min of stirring at room temperature, the crude mixture was applied on a silica plug (20 g) and eluted with CH 2 Cl 2 (2 x 100 mL) followed by CH 2 Cl 2 /MeOH (2 x 100 mL). The latter solution was concentrated and diethyl ether (40 mL) was added to the residue to induce precipitation. The appropriate iodoarene (5 mmol) was added to a stirred solution of m-CPBA (7.5 mmol, 1.6 g) in acetic anhydride (10 ml) and the solution was stirred for 1 h at room temperature after which 1,3,5-triisopropyl benzene (6.5 mmol, 1.32 mL) was added and the solution cooled to 0 ºC. Tetrafluoroboric acid (50 % aqueous, 10 mmol, 1.25 mL) was added over 15 min via syringe pump and the solution stirred at 0 ºC for 30 min before being allowed to warm to rt. After 6 h the solution was recooled to 0 ºC and water (100 mL) was slowly added with fast stirring. The solution was extracted with CH 2 Cl 2 (2 x 50 ml) and the combined organic extracts dried (MgSO 4 ) and evaporated. The pure iodonium tetrafluoroborate salts were precipitated with Et 2 O from a concentrated solution of hot CH 2 Cl 2 and obtained by filtration followed by washed with generous amounts of Et 2 O on the filter. 
Di-p-tolyliodonium trifluoromethanesulfonate (2g).
5a m-CPBA (1.65 mmol, 285 mg) and 1-iodo-4-methylbenzene (1.5 mmol, 327 mg) were dissolved in CH 2 Cl 2 (7 mL). Toluene (1.65 mmol, 176 μL) was added to the solution at room temperature followed by dropwise addition of TfOH (2 equiv.). The reaction mixture was
